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Effects of through-plane ionomer gradients in PEMFC cathode 
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Keding, Nada Zamel 
Abstract: The production of components in polymer electrolyte membrane fuel cells is a widely 
researched topic and still has a lot of potential for optimization. Especially the reduction of used 
materials like ionomer and platinum in fuel cell electrodes and the improvement of their performance 
are highly desired. In this study we discuss the potential of structured cathode catalyst layers by 
introducing a through plane ionomer gradient. For this purpose different catalyst layers with a platinum 
loading of 0.25 mg/cm2 have been produced by screen printing, followed by extensive In-Situ 
characterization in a fuel cell test bench. The results show that combining high amounts of ionomer at 
the membrane/electrode interface, and decreasing amounts towards the gas diffusion layer enable a 
good protonic connection of the catalyst layer to the membrane while improving the performance in 
the high current area due to lower diffusion resistance. This trend was also supported by limiting 
current measurements, showing increasing molecular diffusion resistances with higher ionomer 
contents at the gas diffusion layer interface. 
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1. INTRODUCTION 
One of the main aspects that need to be tackled for the introduction of polymer 
electrolyte (PEM) fuel cells to the mass market is their reliability in terms of initial 
performance and long term stability while decreasing the current cost level. To 
improve the potential regarding these aspects there is still a large potential in the field 
of materials and production methods. In this regard, a current challenge is to keep or 
even improve the high performance of today’s fuel cells when using less amounts of 
Platinum in the catalyst layers. To achieve this, new architectural designs need to be 
developed, which enable better overall catalyst layer reactant transport. In this quest, 
graded catalyst layers, both in terms of platinum content and ionomer content have 
been studied in various literature [1-4]. The aim of through-plane Platinum and 
ionomer gradients is to decrease material input while increase overall fuel cell 
performance. To determine ideal gradient compositions and structures a good 
understanding of the impact if ionomer and Pt loading on fuel cell performance is 
required.  
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Figure 1: Cell current at 700 mV (top) and 300 mV (bottom) over the cathode catalyst Pt loading, color coding indicates 
ionomer wt% (Alink et. al [1]) 
 
A uniquely broad parameter study of homogeneous catalyst layer compositions 
regarding Pt loading and Ionomer content was carried out by Alink et al. [5], which 
showed that varying ionomer contents can affect the performance of the fuel cell in 
different operating points. Figure 1 shows the cell current at 700 mV (top) and 300 
mV (bottom) in dependence of Pt loading and the ionomer to carbon ratio (I/C). Each 
point represents one produced and extensively characterized membrane electrode 
assembly (MEA). Considering a relevant Pt loading of 0.25 mg/cm2 it can be seen 
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that in the high potential range at 700 mV, where performance losses are mainly 
caused by ohmic losses, higher I/C ratios of around 1.36  (45 wt% ionomer) are more 
beneficial than lower ionomer contents. This is justified by the higher protonic 
connections to the membrane, resulting in a better proton transport to the reaction 
zone. By looking in the lower potential range at 300 mV, where diffusion resistance is 
the main limitation, low to medium I/C ratios of 0.71 (30 wt% ionomer) reach the 
highest performances. In this case, lower ionomer content lead to facilitated oxygen 
diffusion to the reactive sites, while higher ionomer contents would block the gas 
pathways through the catalyst layer. From these findings, a through-plane gradient in 
the catalyst layer with respect to ionomer content is strongly motivated. In the 
presented study we build ionomer graded cathode catalyst layers by successive 
screen printing of single layers with varying I/C ratio. On that basis, we analyse the 
potential of different gradients for optimizing fuel cell power characteristics. 
 
2. MATERIAL AND METHODS 
2.1. Production of graded Catalyst Coated Membranes 
For the production of ionomer graded Catalyst Coated Membranes (CCM) 
different inks with varying ionomer loadings have been prepared. The inks were 
composed from a homogeneous composition of platinum on carbon (40 wt% 
Pt/C), Aquivion® (D79-25BS, liquid dispersion, in water, PFSA eq. wt. 790 g.mol-
1 SO3H, stabilized CF3 polymer chain ends, Sigma-Aldrich Chemie GmbH) and 
organic solvents (ethylene glycol and propylene glycol methyl ether). Different 
inks with 10, 15, 25, 30 and 50 wt% ionomer contents in dry layers were 
homogenized by magnetic stirring. Afterwards, catalyst layers with a Pt loading of 
0.25 mg/cm2 were produced by successively screen printing multiple layers onto a 
decal transfer foil. By varying the inks between each printing step, different 
ionomer contents in through-plane direction of the cathode were realized. 
In the next process step the graded catalyst layers were transferred onto a Gore 
Membrane M735.18 containing an anode catalyst layer with a Pt loading of 0.05 
mg/cm2. The transfer was done by applying 10 KN force for 15 min at a 
temperature of 180 °C. For both anode and cathode a Freudenberg H23C9 was 
used as a GDL. 
2.2. In-Situ Characterization 
All produced graded catalyst layers discussed in this work have been 
characterized in a fuel cell test bench using different characterization methods to 
determine their current-voltage characteristics, resistances and diffusion 
properties. As a test cell a Baltic FuelCells quickConnect® test cell was used with 
parallel flow fields on anode and cathode and an active area of 3 x 4 cm2. The cell 
was compressed with 4 bara and was operated at a temperature of 80 °C during 
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all characterization methods. To realize different gas humidity conditions bubbler 
humidifier on anode and cathode were used. 
Prior to all In-Situ characterization a Break In procedure was accomplished by 
operating the cell at 80 °C and fully humidified gases on anode and cathode. In a 
first step the cell was operated at a constant current of 1.5 A/cm2 and afterwards 
cycled for 4 hours between OCV (10s), 0.6 V (60s) and 0.4 V (60s) under 
hydrogen (anode) and air (cathode) at 2 and 5 slpm, respectively. 
After the initial cell conditioning all catalyst layers were characterized by the 
following methods: 
 Polarization curves were recorded at a constant temperature of 80 °C with 
fully humidified gases on anode and cathode (80°C dew point) and an 
operating pressure of 2.0 bara. The anode was fed with 2.0 slpm H2 and 
the cathode with 5.0 slpm air. The curves were recorded in potentiostatic 
steps from 0.2 V up to open circuit voltage (OCV) 
 Limiting Current measurements were done by recording a potentiostatic 
voltage sweep from 0.4 – 0.15 V at different pressures (2.0 bara, 2.5 bara, 
3.0 bara) and O2 concentrations (1 %, 1.5 %, 2 %, 2.5 %). The diffusion 
resistances were calculated out of the maximum currents detected in the 
potentiostatic sweep according to Baker et al. [6]. 
 Impedance Spectroscopy was carried out at 2.0 slpm H2 on the anode and 
5.0 slpm air on the cathode at galvanostatic operating points 0.1, 0.5 and 
1.0 A/cm2. The applied signal frequency was varied between 10 KHz and 
500 Hz. 
 
3. RESULTS AND DISCUSSION 
With the described methods, differently ionomer graded catalyst layers were 
produced as listed in Table 1. The ionomer content in each sub layer was varied 
between 50 and 10 wt%, keeping high amounts at the membrane interface to assure 
good protonic connection and lowering the content towards the GDL interface for 
better gas diffusion properties. 
Table 1: Screen printed ionomer graded cathode catalyst layers 
Catalyst description 
wt% ionomer Av. wt% 
ionomer 
Pt Loading  
[mg/cm2] Mem.  GDL 
GDI_50/30/30/25 50 30 30 25 33,75 0.25 
GDI_50/30/30/15 50 30 30 15 31,25 0.25 
GDI_50/30/15/15 50 30 15 15 27,5 0.25 
GDI_50/30/15/10 50 30 15 10 26,25 0.25 
HG_25 25 25 25 25 25 0.25 
HG_30 30 30 30 30 30 0.25 
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All produced CCM’s have been characterized by the described procedure. Figure 2 
shows the respective current-voltage and current-power characteristics. As the Pt 
loading is the same in all discussed catalyst layers, there is no visual performance 
difference in the activation area from OCV to 800 mV. However a change in 
performance can be noted in the high current area below 400 mV. Since high 
currents require larger gas consumptions, oxygen diffusion is the limiting process in 
this operating area. The graphs show higher power densities at low voltages with 
lower ionomer contents at the GDL interface. This trend meets with the assumption 
of lower diffusion resistances into the catalyst layer reaction zone and leads to a 
maximum power improvement in comparison to the weakest gradient investigated in 
this work of 5 %. 
 
Figure 2: U/I and P/I curves at 80°C, 2 bara and fully humidified gases, 4 different ionomer gradients shown with decreasing 
ionomer contents at the GDL interface 
 
Figure 3 shows the diffusion resistances extracted from limiting current 
measurements according to Baker et al. [6]. In the main plot the total diffusion 
resistance is shown in dependence of the gas pressure. The graphs meet the trends 
shown in the polarization curves and show higher total diffusion resistances for rising 
ionomer contents at the GDL interface. By linearly fitting the data points and 
calculating the slope, the pressure dependent molecular diffusion resistances (shown 
in the subplot) can be extracted, which as well increases with higher ionomer loading 
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at the GDL interface. This suggests that the change in ionomer also impacts the 
molecular diffusion through the pore volume in the catalyst layer and not only the 
diffusion through the thin ionomer film covering the carbon particles. 
 
Figure 2: Total diffusion resistance over gas pressure of 4 different graded catalyst layers extracted from limiting current 
measurements, subplot: pressure dependent molecular diffusion resistance through catalyst pore volume 
Figure 4 shows corresponding electrochemical impedance spectra at 1 A/cm2, 1.5 
bara, fully humidified H2 on the anode and dry oxygen with 40 % relative humidity on 
the cathode. One can see that the high frequency resistance is not changing 
between the different catalyst layers, suggesting that the protonic connection to the 
membrane is not affected by the structural changes at the GDL interface. However it 
can be noted that the low frequency resistance is growing with rising ionomer 
contents at the GDL interface, which indicates higher oxygen transport resistance 
and therefore supports our findings from limiting current measurements. 
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Figure 3: Impedance spectra for 4 ionomer gradients at 80°C, 1.5 bara and dry oxygen with RH 40%, frequencies from 10 kHz 
- 500 Hz 
By observing the gradient structure it can also be noted that by varying the ionomer 
content in each sublayer the average ionomer content of the whole layer is also 
changing. One could therefore argue that it’s not the gradient structure itself that is 
causing the changes in performance and diffusion resistance but rather the overall 
ionomer content.  
 




Figure 4: U/I and P/I curves at 80°C, 2 bara and fully humidified gases, comparison of best performing gradient catalyst layer 
with related homogeneous catalyst layers in terms of average ionomer content 
 
Therefore a current-voltage comparison between the best performing graded catalyst 
layer “GDI-50/30/15/10” with an average ionomer content of 26.25 wt% and two 
homogeneous catalyst layers with related ionomer contents of 25 and 30 wt% is 
shown in Figure 5. It is shown that the graded catalyst layer outperforms the 
homogeneous references independently of weather their ionomer content is lower or 
higher than the average ionomer content of the graded sample.  
 
4. CONCLUSION 
In this study different ionomer graded cathode catalyst layers with a Pt loading of 
0.25 mg/cm2 were produced by successive screen printing single layers with varying 
I/C ratio. The catalyst layers were afterwards characterized in a fuel cell test bench. 
The ionomer content in each sublayer was varied between 50 and 10 wt%, keeping 
high amounts at the membrane and lowering the content towards the GDL interface. 
Comparing the current voltage characteristics of graded catalyst layers shows higher 
performance in the low voltage area for lower ionomer contents at the GDL interface, 
justified by the facilitated oxygen diffusion to the reactive sites. Results from limiting 
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current and impedance spectroscopy measurements support this trend and show 
lower diffusion resistances for lower ionomer contents.  
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